ABSTRACT: Employing electrons for direct control of nanoscale reaction is highly desirable since it provides fabrication of nanostructures with different properties at atomic resolution and with flexibility of dimension and location. Here, applying in situ transmission electron microscopy, we show the reversible oxidation and reduction kinetics
The fabrication of ordered nanoscale structures with desired property, dimension, and location has attracted considerable scientific and commercial attention because of their potential utilization in electronic, optical, micromechanical, and quantum devices and sensors. [1] [2] [3] There are two major approaches to fabricate nanometer-sized structures: "topdown" approach using nanolithography, thin film deposition and etching techniques, and "bottom-up" approach using chemical synthesis or self-assembly. 4, 5 Employing electron beam for nanofabrication is highly desirable since it provides both the highest resolution and location flexibility. So far, electron beam nanofabrication in a microscope mainly consists of direct electron beam writing such as electron-beam induced deposition (EBID) 6 and electron beam sculpting. 7, 8 EBID is a promising technique to combine "top-down" and "bottom-up" approaches using a focused electron beam to decompose organic or metalorganic gases but it reaches a 15 nm resolution limit even though a much smaller electron probe is used. 9 Electron beam sculpting is a technique to remove atoms or change material crystallinity into amorphous with electron beam irradiation. Recently, Jesse et al demonstrated atomic-level sculpting of crystalline oxides using a focused electron beam with a scanning transmission electron microscope (STEM) taking the advantage of the significant advance in aberration correction technology enabling formation of a subangstrom probe with a probe corrector. [10] [11] [12] In addition to these two major approaches, it is highly desirable to develop a new approach to direct control of nanoscale reaction using electron beam due to its potential utility in the fabrication of nanoscale devices. [38] [39] [40] [41] details corresponding to Ag remain elusive. Also, the precise control of the equilibrium is yet to achieve.
In this work, we report the controllable oxidation-reduction of Ag-Ag 2 O at the atomic level by manipulating the electron beam inside a transmission electron microscope.
The atomistic reaction dynamics were directly captured by high resolution transmission electron microscopy (HRTEM), enabling us to understand and monitor the reaction dynamics at atomic level. Due to the lower contraction of oxygen in a microscope, the redox reaction is slowed dramatically, enabling us to control the reaction dynamics easily.
By utilizing the electron-beam, we demonstrated the nano-patterning of Ag 2 O nanowire and a 3 nm nano-arrays in an Ag matrix.
Thin Ag foils (99.95%, purchased from the Alfa Aesar) were punched into 3 mm disks and ion milled to electron transparency using 4 kV Ar + ions at low angles of 5 degrees.
As prepared Ag TEM specimen was directly loaded into a FEI Titan TEM equipped with image corrector to correct both spherical and chromatic aberrations, working at 200 kV. The projected area S (nm 2 ) of the Ag 2 O grain at each time point t (s) was estimated and plotted in figure 3f (See also the estimated data in Table S1 in supporting information).
Interestingly, linear correlations were found between the Ag 2 O grain's area and irradiation time, both in the growth process and decomposition process, similar to high temperature oxidation work by Zheludkevich et al. 27 and work by Li et al. 42 For figure 2a- Taking another step further, patterned oxidation has also been tested to verify the reliability of the electron-beam irradiation as a nanofabrication technique. electron-beam was focused into a nanometer probe on the sample and programmed to hold up at each preconfigured spot for a fixed time. Figure 5a shows a 3×1 nano-array fabricated in our preliminary experiments. Figure 5b is the enlarged picture of spot 2 in figure 5a and figure   5c is the corresponding FFT image. Again, the newly formed structure was determined to It is worth noting that the specimen was held in the microscope for more than 12
hours before introducing any electron-beam irradiation, and no oxides were observed on the specimen. In contrast, after electron-beam irradiation with a weak beam intensity, the Ag 2 O structures were observed within the irradiated area (See figure S2 in supporting information), in agreement with the common knowledge that noble metal Ag is resistant to oxidation by molecular oxygen but will be easily oxidized by atomic oxygen. 27, 30, 31, 36, 37 .
When electron-beam is turned on, the residual O 2 molecules in the chamber and those adsorbed on the Ag surface 23, 30, 42, 46 determined by the competition between them. It is speculated that in current experimental set-up, (1) electron-beam irradiation is essential for the nucleation of Ag 2 O; (2) both the oxidation rate and the reduction rate increase as the dose rate increases; (3) the oxidation rate has a higher start value while the reduction rate increases much faster.
In summary, the reversible oxidation and reduction processes in Ag-Ag 2 
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